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The  Arabidopsis  thaliana  gynoecium  arises  at the  center  of the  ﬂower  as  a simple  structure,  which  will
successively  develop  novel  cell types  and  tissues,  resulting  in  a complex  organ.  Genetic  and  hormonal
factors  involved  in  this  process  have  been  identiﬁed,  but  we  are  still  far from  understanding  how  theseccepted 17 August 2015
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elements  interact,  and  how  these  interactions  rearrange  according  to spatial  and  temporal  cues.  In this
work we propose  the ﬁrst  steps  in  a roadmap  to  attain  an  ambitious  goal:  to obtain  a comprehensive
and  dynamic  gene  regulatory  network  that  will  help  us  elucidate  the  patterning  events  leading to the
formation  of a  fully  developed  gynoecium.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-NDrotein complex
. Introduction
In ﬂowering plants the gynoecium is the female reproductive
rgan, which is composed either of a single carpel, or multi-
le carpels that are usually fused. The gynoecium of Arabidopsis
haliana is composed of two carpels fused along their margins.
his fusion zone, called medial ridge or carpel margin meristem
CMM), acts as meristematic tissue giving rise to internal struc-
ures such as placenta, ovules, replum, septum and transmitting
ract [1,2]. According to the ﬂoral development stages described
y Smyth and collaborators [3], the gynoecium is clearly estab-
ished at stage 6, when the spatial domains of the gynoecial tube
ecome visible. These include the medial domain versus the lateral
omains, and the inner (adaxial) and outer (abaxial) regions. Later,
uring stages 7–8, two meristematic outgrowths (CMMs) form at
he inner medial domain, which subsequently (stages 9–12) will
roduce key reproductive tissues: placenta, ovules and transmit-
ing tract. A schematic representation of gynoecium inner tissues
evelopment from stages 8 to 12 is shown in Fig. 1a. At anthesis,
y stage 12, all tissues required for fertilization, and the follow-
ng fruit development are present. The former are fully developed,
Abbreviations: GRN, gene regulatory network; TF, transcription factor; ChIP,
hromatin immunoprecipitation; TRAP, translating ribosome afﬁnity puriﬁcation;
BM, protein binding microarray.
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
while the latter will develop after fruit set [4,5]. The fully devel-
oped, stage 12 gynoecium is composed of three distinct structures
along the apical-basal axis: stigma, style and ovary (Fig. 1b).
Several genetic and hormonal factors that participate in gynoe-
cium development have been identiﬁed (reviewed in [2]), but we
are still far from understanding how all these elements interact
to give rise to the morphogenetic patterns we  observe. Avail-
able genome-wide analyses in other organs, such as roots or the
shoot apical meristem, have revealed that developmental pro-
cesses are controlled by the coordinated action of regulators, that
is gene regulatory networks (GRNs), that control gene expression
according to spatial and temporal cues [6–8]. These networks are
composed of transcription factors, hormones, microRNAs, peptides
and chromatin-modifying proteins, together with their interac-
tions, in particular protein-DNA and protein–protein interactions.
For gynoecia, a few, small GRNs have been proposed for speciﬁc
cell types (Fig. 2). However, we  are still far from obtaining a deﬁni-
tive, comprehensive gynoecium GRN, and understanding how it
evolves in a spatio-temporal context. In this review we  propose
the ﬁrst steps in a roadmap to attain such goal, with a particu-
lar emphasis on transcription factors, and their protein-DNA and
protein–protein interactions.
2. Identifying gynoecium expressed genesThe ﬁrst cloned gene involved in gynoecium development, AGA-
MOUS (AG), was described in 1990, 25 years ago [9]. Since then,
dozens of genes have been identiﬁed and, in a recent review, Reyes-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Arabidopsis thaliana carpel tissues development. (a) False-colored histological cross sections of Arabidopsis gynoecia from stages 8 to 12 (accession Col-0). Stage 8
gynoecium: the medial domain (M)  is observable, composed of the carpel margin meristem (blue) and the abaxial margin or replum zone (pink). Main vascular bundles
differentiate at this stage (red). Lateral domains (L) are divided morphologically into inner (adaxial, orange) and outer (abaxial, green) regions. Stage 9: carpel wall differentiates
into  three tissues: exocarp (green), mesocarp (purple) and endocarp (orange). Lateral vascular bundles differentiate (red) and ovule primordia begin to form (yellow). Stage
10:  the medial ridges meet and give rise to the septum (blue). Ovules differentiate (yellow). Stage 11: the transmitting tract differentiates (blue), and cell death begins in the
septum (arrow). Stage 12 (anthesis): valve margins (VM, pink) and replum (R, blue) become morphologically distinct from the valves (V, green). Funiculus (F) and ovules (O)
are  fully developed. (b) Cartoon representation of a stage 12 wild type Arabidopsis gynoecium showing the different tissues that can be distinguished along the apico-basal
axis:  stigma, style, ovary and gynophore.
Fig. 2. Known gynoecium GRNs for valve, valve margin, replum and transmitting tract. Arabidopsis thaliana (ecotype Col-0) fruit false-colored histological cross section
showing the valve, valve margin, replum and transmitting tract region. The corresponding GRNs are displayed in the same color as the tissues they specify. Functionally
redundant genes are boxed. Speciﬁcation along the medial-lateral axis is the result of the antagonistic activities of lateral factors (ASYMMETRIC LEAVES 1 and 2, AS1,2;
JAGGED,  JAG; FILAMENTOUS FLOWER, FIL; YABBY3, YAB3; FRUITFULL, FUL) and medial factors (NO TRANSMITTING TRACT,  NTT; SHOOT MERISTEMLESS, STM; BREVIPEDICELLUS, BP;
REPLUMLESS,  RPL). Differentiation of the valve margin, controlled by SHATTERPROOF 1 and 2 (SHP1, 2), ALCATRAZ (ALC), INDEHISCENT (IND) and SPATULA (SPT), is regulated by
both  lateral and medial factors. APETALA 2 (AP2) is involved in valve margin and replum speciﬁcation, and is expressed in both tissues. Several genes are known to participate
in  transmitting tract development (STYLISH 1 and 2, STYs; HECATE 1, 2 and 3, HEC1,2,3; SPT; AUXIN RESPONSE FACTOR 6 and 8, ARF6, 8; HALF FILLED,  HAF; BR ENHANCED
EXPRESSION 1 and 3, BEE1, 3; NTT), but the underlying GRN has not been fully elucidated. NTT was ﬁrst described as an essential gene for transmitting tract formation and,
more  recently, was  also shown to promote replum development. The presented GRNs were reconstructed according to [5,16,55,86–89].
rent P
O
6
m
g
c
W
o
h
m
2
o
A
s
I
ﬁ
b
s
(
i
d
t
c
g
o
N
[
o
A
t
c
a
s
s
c
s
c
i
2
f
d
b
c
o
i
t
c
p
c
l
t
p
a
p
s
r
d
w
l
T
c
ChIP-seq data for APETALA 1 (AP1) and SEP3 obtained at dif-
ferent time points shows that, while there is a signiﬁcant overlap
of targets1 at different stages for either SEP3 or AP1, there is alsoR.A. Chávez Montes et al. / Cur
lalde and collaborators [2] compiled a list of 86 genes, including
2 transcription factors involved in this process. While the infor-
ation obtained so far has been crucial to our understanding of
ynoecium development, we can arguably predict that a ﬁnal,
omprehensive gynoecium GRN will include more than 80 genes.
ith over 30,000 genes present in the Arabidopsis genome, a pri-
ri knowledge can help us focus our search for novel genes, and
igh-throughput technologies are best suited to provide such infor-
ation.
.1. Gene co-expression clusters and networks
Systematic, large scale searches for genes involved in ﬂoral
rgan development were undertaken over ten years ago [10–13].
ll these studies performed co-expression analyses on gene expres-
ion data, and identiﬁed hundreds of organ or stage-speciﬁc genes.
n particular, de Folter and collaborators [10] used high-density
lter arrays in order to obtain the expression proﬁles of 1100 Ara-
idopsis TFs across ﬁve stages of gynoecium and fruit development,
tarting at anthesis. Genes identiﬁed in this screen, such as JAIBA
JAB) or NO TRANSMITTING TRACT (NTT), were later proven to be
mportant for ﬂoral determination or transmitting tract and replum
evelopment [14–16], with hundreds still unexplored. Moreover,
heir data shows that over 500 TFs are expressed in stage 12 gynoe-
ia. Although it is probable that not all of them are essential for
ynoecium development, this result is a ﬁrst indication that the list
f 62 TFs in [2] will certainly need to be expanded in the future.
owadays, databases such as NCBI’s Gene Expression Omnibus
17], or EBI’s ArrayExpress [18] contain impressive amounts
f microarray-based gene expression information. For example,
rrayExpress currently contains over 1140 experiments that used
he Affymetrix ATH1-121501 complete genome chip. Carefully
urated microarray data can be fed to inference algorithms, which
llow for the identiﬁcation of co-expression interactions in a mas-
ive scale [19]. The resulting co-expression analyses are a vast
ource for gene correlation hypothesis, and have been proven to
ontain valuable biological information in other organs, such as
eedlings and roots [20,21]. Using as a starting point known gynoe-
ium genes, these inference-based methodologies can help us
dentify new genes putatively involved in gynoecium development.
.2. Cell type and stage-speciﬁc transcriptomes
Co-expression analysis from microarray data is a valuable tool
or the proposal of novel genes likely to be involved in gynoecium
evelopment. However, samples such as “inﬂorescence” or “ﬂower
uds”, which are frequently the source material for microarray data,
ontain more than one cell type, usually from more than one devel-
pmental stage. In such samples, spatial and temporal information
s scrambled. In order to overcome this limitation, high-throughput
echniques can be preceded by: (1) protocols that isolate speciﬁc
ell types, or messenger RNAs from speciﬁc cell types, which will
rovide spatial information, and (2) ﬂower and ﬂoral tissues syn-
hronization protocols [11,12], which allow for the collection of
arge quantities of ﬂoral tissues at a speciﬁc developmental stage,
hus providing temporal information. Two cell or mRNA isolation
rotocols have been applied to gynoecium and fruit tissues: laser
ssisted microdissection (LAM) and translating ribosome afﬁnity
uriﬁcation (TRAP). A third technique, ﬂuorescence-activated cell
orting (FACS) of protoplasts, which has been successfully used in
oots for the isolation of speciﬁc cell types [22,23], is still being
eveloped for gynoecia. LAM followed by microarray hybridization
as used to obtain a list of 1539 differentially expressed probe sets
ikely to be involved in replum development [24]. More recently,
RAP followed by massively parallel sequencing (TRAP-seq) of syn-
hronized ﬂowers was used by Jiao and collaborators [25] in orderlant Biology 3-4 (2015) 3–12 5
to obtain the translatomes of the AGAMOUS-expression domain
at stages 4 and 6–7. Their dataset contains evidence of expression
(at least 0.5 reads per kilobase of transcript per million mapped
reads in both replicates) for 76 of the 86 genes (including 50 TFs)
listed in [2] at stage 4, and 79 genes (including 53 TFs) at stage
6. It would therefore appear that most genes later involved in
gynoecium development are already expressed at stage 4, when
the gynoecium primordium is not yet apparent. The data also shows
that 18301 genes are expressed at stage 4 and 18189 at stage 6–7
but, more importantly, that 17790 (97%) of these are expressed at
both stages. Very similar numbers of expressed genes and over-
lap have been observed in another cell type-speciﬁc translatome
[26], and it is likely that further TRAP-seq datasets will conﬁrm
these observations. This important overlap strongly suggests that
the establishment of the gynoecium primordium, rather than being
deﬁned by the novel or differential expression of a handful of genes,
is the result of GRN dynamics, that is an ongoing rearrangement of
interactions between genes. Therefore, identifying these interac-
tions and their dynamics will be essential to our understanding of
gynoecium development.
3. Connecting the gene expression atlas
Data from Jiao and collaborators [25] has demonstrated that
techniques such as TRAP-seq are an ideal source for very detailed
information on gene expression and abundance. On the other hand,
with tens of thousands of genes expressed in a particular cell type,
the complexity of the underlying GRNs has been multiplied dramat-
ically. While it is tempting to embrace a reductionist approach, and
postulate that one or a few genes are actually essential for the estab-
lishment of a particular tissue or cell type, a far more interesting
challenge will be to identify the interactions among all expressed
genes, and to understand how they in turn underlie morphol-
ogy and development. In particular, it will be essential to identify
TF–DNA binding events, which are the main drivers of gene expres-
sion. Available techniques for the identiﬁcation of protein-DNA
interactions have been previously reviewed [27]. In this section we
will focus on those techniques that have generated data suitable to
be applied to the reconstruction of a gynoecium GRN.
3.1. Chromatin immunoprecipitation (ChIP)
ChIP [28,29] followed by whole-genome microarray hybridiza-
tion (ChIP-chip) or massively parallel sequencing (ChIP-seq) has
been used to identify the genomic binding regions of 31 TFs [30,31],
and data was  obtained from ﬂower material for seven of them
(Table 1). ChIP-chip or ChIP-seq data provides detailed informa-
tion on TF–DNA interactions for a particular TF that can help us
identify the transcriptional regulatory pathways in which this TF is
involved, and we  expect these pathways to be organ-speciﬁc. AG,
APETALA 2 (AP2) and SEPALLATA 3 (SEP3), participate in gynoecium
development, and ChIP-seq data for these three TFs is available
from either whole inﬂorescences (AP2), or stage 5 (AG and SEP3)
and stage 9 (SEP3) ﬂowers. Since the gynoecium primordium is vis-
ible at stage 6, it can arguably be proposed that the corresponding
GRN should be established by the end of stage 5. Therefore, it is pos-
sible to ﬁlter non-expressed genes from ChIP-seq data in order to
reconstruct a putative gynoecium GRN at this stage. Such a network
is presented in Fig. 3.1 Overlap of target genes has been observed across ChIP experiments for numer-
ous Arabidopsis TFs (Pajoro et al. (2014) J. Exp. Bot. 65: 473-4745). These results
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Table  1
TFs for which ChIP data was  obtained from ﬂoral tissues.
Gene Sample Stage References
AP2 Inﬂorescence 1–12 [90]
AMS Inﬂorescence 10–12 (0.6–1.1 mm buds [3]) [91]
AP3 Synchronized ﬂowers 5 [92]
PI Synchronized ﬂowers 5 [92]
SVP Inﬂorescence 1–11 [93]
AG Synchronized ﬂowers 5 [94]
SEP3 Inﬂorescence 1–12 [95]
 and 
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n important number of targets whose occupancy varies during
evelopment [32]. For example, SEP3 binds 6843 genomic regions
t day 4 of ﬂower induction, 7816 at day 8, with 5592 common to
oth. Using ChIP-seq peak score ratios as a measure of the rela-
ive binding level of a TF [32], binding goes up or down between
oth time points for 625 (11%) of these common targets. Differ-
nces in the number of target genes, and the corresponding target
ccupancies, imply that protein-DNA interactions are dynamic, and
e expect such dynamics to underlie the developmental processes
hat occur during gynoecium development. Unfortunately, consid-
ring the limitations of ChIP [33], and the number of TFs likely to
e involved in gynoecium development, ChIP-chip or -seq might
ot be an ideal technique for the massive scale-identiﬁcation of
ime-resolved transcriptional regulatory pathways.
.2. Yeast one-hybrid (Y1H)
A second possible technique that can identify TF–DNA binding
vents is Y1H [34]. This technique involves the cloning of both the
F and the candidate DNA target sequence, and thus interactions
dentiﬁed using Y1H can be applied to any organ or cell type. In
35–37], there is Y1H information for 8 of the TFs listed in [2], and
or 59 TFs that are ChIP-identiﬁed targets of AG, AP2 or SEP3. This
ata can be used to complement a ChIP-derived gynoecium GRN
Fig. 3), with two major drawbacks. First, no spatial or temporal data
or Y1H-identiﬁed interactions is available, although experimental
alidation in roots shows that most interactions have biological rel-
vance, and are in fact able to recover a xylem development GRN
37]. We  therefore expect the available information on gynoecium-
xpressed TFs to be equally relevant. Second, Y1H requires prior
election of the target sequences. For some biological processes,
uch as xylem and secondary wall formation, most participants
ave been identiﬁed, which allows for the straightforward recon-
truction of the corresponding GRNs. For other processes however,
or example transmitting tract development, only a few genes are
nown to be involved. In such cases, novel putative TFs and tar-
et genes could be proposed through other methods, such as gene
o-expression analyses.
.3. Protein-binding microarrays (PBMs)A third methodology that can be used to identify protein-DNA
nteractions, and does not require a priori knowledge of target
equences, involves the use of PBMs. PBMs are microarrays spot-
hould be interpreted with some caution. The ChIP technique presents a bias which
esults in an over-representation of sites of high transcriptional activity. These
hyper-chipable” sites are consistently recovered across ChIP experiments, which
ould then be considered to represent highly occupied target (HOT) regions (Teytel-
an  et al. (2013) PNAS 110: 18,602-18607; Park et al. (2013) PLoS One 8: e83506).
owever, it has been proposed that, in plants, HOT regions could have biological
elevance (Heyndrickx et al. (2014) Plant Cell 26: 3894-3910).9 (2, 4 and 8 days post-ﬂower induction [3]) [32]
[96]
9 (2, 4 and 8 days post-ﬂower induction [3]) [32]
ted with all possible combinations of DNA n-mers (where n usually
equals 8 or 11), and thus it is possible to identify both the sequence
and afﬁnity of all possible genomic binding motifs for as many TFs
as can be expressed. Franco-Zorrilla et al. [38] identiﬁed the bind-
ing motifs, and the corresponding afﬁnities, for 69 Arabidopsis TFs,
31 of which are part of the network presented in Fig. 3, including
six listed in [2]. These binding motifs can now be used to iden-
tify all putative targets for these TFs, and complement available
datasets of protein-DNA interactions, with caution: although most
binding sites are overrepresented in differentially expressed genes
in plants with altered expression of the corresponding TF, bind-
ing of a DNA n-mer might not necessarily reﬂect binding in planta.
Scanning, using RSAT’s [39] matrix-scan, of the 1000 bp upstream
sequences for the 931 genes in Fig. 3 using the 31 available posi-
tion weight matrices results in a network containing 6790 edges or
putative TF–DNA interactions (Supplementary data S1). TFs have
an average of 219 targets, and targets are bound by an average of
7 TFs. Even if only a fraction of these interactions actually occur
in gynoecium tissues and lead to changes in target expression lev-
els, this data indicates a comprehensive map  of TF–TF regulatory
loops will be extremely complex. Finally, the results presented by
Franco-Zorrilla and collaborators [38] provide new insights into the
dynamics of GRNs: ﬁrst, TFs can bind different n-mers with varying
afﬁnities, and many TFs have more than one high-afﬁnity binding
site. Second, even closely related TFs can bind similar, but not iden-
tical n-mers. Third, for 33 TFs analyzed, the second high-afﬁnity site
differs partially or completely from the highest afﬁnity binding site.
This variability in both binding motifs and binding afﬁnity, which
in turn is different for each TF, points to the complex molecular
events at play in TF–DNA interactions.
4. Enriching the GRN
Understanding the dynamics of TF–DNA interactions is an
essential step in the reconstruction of GRNs [40,41]. However, there
are other factors that also contribute to the regulatory mechanisms
of gene expression. In the following section we will focus on two
of these factors in the context of GRNs: TF protein–protein interac-
tions, and auxin and cytokinin-responsive TFs.
4.1. Protein–protein interactions
ChIP-seq, Y1H or PBMs allow for the identiﬁcation of TF–DNA
interactions, which in turn serve as a basis for the reconstruction
of GRNs. In such networks, nodes represent individual proteins,
yet we  know that TFs from several families, including MADS-
box [42,43], ARR [44], TCP [45] or ARF [46] form protein–protein
interactions, and that their molecular and biological function is
intrinsically linked to this property. Finally, since protein–protein
interactions occur between TFs, ChIP data is most likely a com-
pendium of all sites for all DNA-binding protein complexes in
which the particular TF under study participates. It is therefore
R.A. Chávez Montes et al. / Current Plant Biology 3-4 (2015) 3–12 7
Fig. 3. Stage 5 gynoecium GRN. In this network, the 934 nodes represent transcription factors (TFs), and the 1451 edges represent protein-DNA interactions from ChIP data
(blue  edges) or Y1H data (orange edges). ChIP data includes interactions identiﬁed in inﬂorescences for AP2 [90], and in stage 5 synchronized ﬂowers for AG and SEP3 [32].
Y1H  data includes interactions listed in [35–37]. Interactions were further restricted to those involving at least one TF listed in [2], which are shown as larger, diamond-shaped
nodes. Finally, the network only includes TFs expressed at stage 4 in the AGAMOUS domain [25]. Since there is a strong overlap in gene expression between stages 4 and
6–7  [25], we expect that there is also a strong overlap between stages 4 and 5. Arrows show the direction of transcriptional information ﬂows, from protein to DNA. Blue
arrows overlay ChIP interactions and red arrows overlay Y1H interactions. PHABULOSA (PHB), REVOLUTA (REV) and PHAVOLUTA (PHV) are targets of AG and SEP3, but
not  AP2. They are also targets of two groups of TFs, one of which contains targets for AG and/or AP2 and/or SEP3. Additionally, REV is a target of PHV. This suggests: (1)
the  existence of complex feed-forward loops linking homeotic genes (AG, AP2 and SEP3) to abaxial/adaxial patterning genes (PHB, REV and PHV), and (2) the existence of
a  second, AG/AP2/SEP3-independent transcriptional regulatory pathway for abaxial/adaxial patterning. Genes participating in the feed-forward loop linking AG, AP2 and
SEP3  to PHB, REV and PHV are: AT1G03840 (MGP), AT1G04100 (IAA10), AT1G07640 (OBP2), AT1G13960 (WRKY4), AT1G21910 (DREB26), AT1G24625 (ZFP7), AT1G51700
(DOF1), AT1G53910 (RAP2.12), AT1G64620, AT1G66140 (ZFP4), AT1G68360, AT1G71930 (VND7), AT1G75540 (BBX21), AT1G76880, AT1G77450 (NAC032), AT1G78600
(LZF1), AT2G01570 (RGA1), AT2G22840 (GRF1), AT2G23320 (WRKY15), AT2G33880 (WOX9), AT2G36080 (ABS2), AT2G37590 (DOF2.4), AT2G41940 (ZFP8), AT2G44730,
AT3G07650 (COL9), AT3G11280, AT3G14230 (RAP2.2), AT3G15210 (ERF4), AT3G15510 (ANAC056), AT3G16770 (EBP), AT3G19290 (ABF4), AT3G19580 (ZF2), AT3G23690,
AT3G28920 (HB34), AT3G50410 (OBP1), AT3G61850 (DAG1), AT3G62100 (IAA30), AT4G14770 (TCX2), AT4G23980 (ARF9), AT4G27240, AT4G28140, AT4G34610 (BLH6),
AT4G37260 (MYB73), AT4G39070 (BZS1), AT5G01200, AT5G05410 (DREB2A), AT5G08520, AT5G10510 (AIL6), AT5G13180 (NAC083), AT5G14000 (NAC084), AT5G15210
(  (TOE
A availa
c
p
4
gHB30),  AT5G43270 (SPL2), AT5G43700 (IAA4), AT5G47640 (NF-YB2), AT5G60120
T5G66730 (ENY). Source data for this network in Cytoscape-compatible format is 
lear that the study of gynoecium development is also a story about
rotein–protein interactions..1.1. Protein–protein interactions in gynoecium development
Protein–protein interactions play a fundamental role in
ynoecium development (reviewed in [47]), starting with the2), AT5G60200 (TMO6), AT5G60850 (OBP4), AT5G62610, AT5G63790 (NAC102),
ble as Supplementary data S1.
establishment of carpel identity. Two  key regulators of this event
are the MADS-box TFs AG and SEP3. The existence of the AG-
SEP3 protein dimer has been described both in vitro [42] and in
planta [48,49], strongly suggesting that the roles of AG and SEP3
are dependent on this interaction. A second, AG-independent carpel
development pathway involves the SHATTERPROOF1 and 2 (SHP1,
8 R.A. Chávez Montes et al. / Current Plant Biology 3-4 (2015) 3–12
Fig. 4. Stage 5 gynoecium protein–protein interactions network. In this network, the 262 nodes represent transcription factors (TFs) and the 1259 edges represent
protein–protein interactions. The network only includes interactions from the IntAct database between the TFs presented in Figure 3. Node positions and labels are the
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fame  as in Figure 3. This network illustrates how protein–protein interactions add
act  be a representation of protein complexes and not individual proteins. For this
resent at different stages of gynoecium development. Source data for this network
) genes [50]. Again, there is evidence that SHP1, 2 and SEP3 can
orm dimers [42] and higher-order complexes [43]. A third, paral-
el pathway for the establishment of gynoecium identity involves
he SPATULA (SPT) gene [51], but the molecular mechanism of
his pathway has not been determined. After carpel identity has
een established, tens of transcription factors continue sculpting
he gynoecium, and an interesting observation is that most alter-
tions of gynoecium development occur in double or higher-order
utants [2]. It would therefore appear that carpel development
s distributed across multiple protein complexes (Fig. 4), and that
edundancy in protein–protein interactions could underlie redun-
ancy in gene function. A ﬁrst example concerns the AG and SEP1,
, 3 and 4 proteins. While the ag single mutant completely lacks a
ynoecium, it is necessary to obtain a triple sep mutant to observe
 similar phenotype [52,53]. As all four SEP proteins can inter-
ct with AG, the observed genetic redundancy can be explained
y the redundancy of SEP proteins as AG interactors. A second
xample involves HALF FILLED (HAF), BR ENHANCED EXPRESSION (BEE1) and BEE3. HAF-BEE1 and HAF-BEE3 interactions have been
escribed [54], and the triple mutant haf bee1 bee3, but not single
r double mutants, presents severe defects in transmitting tract
ormation [55], which suggests that BEE1 and BEE3 can replacend layer of complexity to GRNs. It also shows that some nodes in GRNs should in
l be necessary to obtain information on the composition and size of TF complexes
toscape-compatible format is available as Supplementary data S1.
each other in a complex with HAF. A third example involves the
HECATE1, 2 and 3 (HEC1, 2, 3) genes together with SPT. Extreme
phenotypes of HEC2-RNAi hec1 hec3 gynoecia include lack of trans-
mitting tract and defects in septum and stigma development and
fusion [56], which are reminiscent of the phenotypes presented by
the spt mutant. Additionally, HEC proteins do not interact with each
other, but they do form heterodimers with SPT. These results sug-
gest that HEC-SPT protein–protein interactions are important for
septum and stigma development.
4.1.2. Dynamics of protein complexes
Information on TF protein complexes in gynoecia, and in Ara-
bidopsis in general, is painfully scarce. Most of the available
information on protein–protein interactions has been obtained
through the use of the yeast two-hybrid (Y2H) technique [57]: the
IntAct database [58,59] contains 15000 interactions for Arabidop-
sis proteins, of which only 3600 (24%) have been identiﬁed through
methods other than Y2H. Still, available data on MADS-box proteins
shows that they can form higher-order protein complexes between
themselves, but also with TFs from other families [43,49]. Also,
the number of interactors recovered for a particular MADS protein
strongly suggests that protein complexes are dynamic, and their
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ormation is likely to be cell type-dependent [49]. This can be eas-
ly visualized for SEP proteins: AG can interact with SEP1, 2 and 3 in
lanta [49], and we know that individual SEP proteins have distinct
fﬁnities for DNA motifs and for the distance between motifs [60].
omplexes involving AG and different SEP proteins will thus have
verlapping, but not identical binding sites and target genes. Addi-
ionally, as individual SEP proteins have distinct protein–protein
nteractions [59], the resulting complexes will have different prop-
rties in the formation of the complex itself, further contributing
o the dynamics of the corresponding GRNs. In the future, Y2H data
omplemented with information on protein complexes, derived
rom techniques such as afﬁnity puriﬁcation or protein chips [61],
ill generate a complete protein–protein interactions dataset, and
ill provide new insights on the dynamics of protein complexes,
nd their role in gynoecium development.
.1.3. Protein–protein interactions and chromatin remodeling
Chromatin remodelling also plays a role in gynoecium devel-
pment, as evidenced by the phenotypes observed in mutants
or the SEUSS (SEU), LEUNIG (LUG), or ULTRAPETALA1 (ULT1)
enes [62,63]. The SEU-LUG complex can associate with histone
eacetylase HDA19 and with the Mediator complex components
TRUWWELPETER (SWP) and HUA ENHANCER 3 (HEN3) [64], while
LT1, a trithorax group protein, can modify histone methylation
tatus and interact with AG and KANADI (KAN) [65,66]. Addition-
lly, several lines of evidence suggest that TFs from the MADS-box
amily are able to regulate gene expression through the modiﬁ-
ation of chromatin structure. Nucleosome-associated factors and
ranscriptional coregulators are present in immunoprecipitated AG
nd SEP3 complexes [49]. Interestingly, the double mutant for the
ucleosome remodelers CHROMATIN-REMODELING PROTEIN 11
CHR11) and CHR17 presents pleiotropic phenotypic alterations,
ncluding carpel fusion defects. Also, SEP3 binding to DNA alters the
NAse I accessibility of chromatin, suggesting that TF binding alters
hromatin structure [32]. Finally, short-range chromatin loops are
mportant for target gene expression of the SEEDSTICK (STK)-SEP3
imer in ovules [67], suggesting that this same mechanism could
e used by MADS-box protein dimers present in carpels. All this
ragmented information shows that complexes involving TFs and
hromatin-remodelling factors play a role in the regulation of gene
xpression during gynoecium development.
.2. TFs involved in auxin and cytokinin responses
Phytohormone regulatory and signaling pathways are involved
n nearly all plant growth processes. Therefore, a comprehen-
ive understanding of these pathways is essential for decoding
hole plant biology. There is ample information on the role of
uxins and cytokinins in gynoecium development and patterning
recently reviewed in [2,68–70]), and the available TF expres-
ion data [25] underscores the importance of both hormones: 15
UXIN RESPONSE FACTORS (ARFs), 25 Aux/IAAs, KANADI (KAN) 1 to
, NGATHA1 to 4 and STYLISH 1 and 2, all of which participate in
uxin responses and/or auxin-mediated gynoecium patterning, are
xpressed in the AG domain at stage 6–7, together with 7 ARA-
IDOPSIS RESPONSE REGULATORS (ARRs) type B, and 10 members
f the CYTOKININ RESPONSE FACTOR (CRF) families, which mediate
ytokinins responses [69–72]. Yet despite this, it is curious to note
hat only Y1H and PBM data is available for 18 TFs of the above men-
ioned families [35–38]. Furthermore, although the role of polar
uxin transport in gynoecium patterning has been clearly estab-
ished [73–76], only two auxin-responsive genes (HEC1 and PIN7)
26], and six cytokinin-responsive genes (BEE1; GIANT KILLER,GIK;
EBELOTE,  RBL; TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS
, TAA1; CYTOKININ OXIDASE 3, CKX3 and CKX5) [72], whose role in
he gynoecium has also been clearly demonstrated [77–79], can belant Biology 3-4 (2015) 3–12 9
found in the list of 86 genes from Reyes-Olalde et al. [2]. This indi-
cates that we are still far from having a comprehensive view of the
genes and transcriptional events involved in auxin and cytokinin
responses. This is unfortunate, since hormones are key mediators
of information ﬂows within the GRN of a particular cell, but also
between GRNs in connecting cells. For example, IND interacts with
SPT and regulates polar auxin transport through the induction and
repression of WAG2 and PINOID, respectively [74,80]. Both IND
and SPT do not belong to any of the families mentioned above,
and it is unknown if they are direct mediators of auxin responses.
This would imply that TFs (including those not part of the pri-
mary response) can adjust hormone concentrations across a series
of cells, some of which are probably located, spatially or tempo-
rally, beyond their expression sites. This information will then be
fed back to the GRN of each cell in the gradient, adjusting gene
expression accordingly. Thus, the identiﬁcation of the transcrip-
tional pathways involved in auxin and cytokinin response will be
indispensable for our understanding of gynoecium patterning. A
novel tool that can be used for this purpose is the HRGRN database
[81]. HRGRN is a hormone-speciﬁc database of protein–protein,
protein-DNA, and regulatory small RNA-mRNA interactions, and
should provide useful hypothesis for novel hormone-related genes
and interactions.
5. Final thoughts on gynoecium GRNs
In ﬂowers, organ identity is established by the expression of
a few homeotic genes, and absence of a particular gene directly
leads to the absence of the corresponding organ. This conceptual
framework has guided research on gynoecium and fruit devel-
opment, which has endeavored to search for “the”, or “the few”,
genes that establish the different cell identities observed in devel-
oping gynoecia and fruits. Twenty ﬁve years after the identiﬁcation
of the ﬁrst gene involved in gynoecium development [9], tens of
genes have been identiﬁed, the majority of which are not homeotic
[2]. Most mutants for these genes present defects in more than
one cell type (Fig. 5), and current models for the establishment
of gynoecium cell identities involve several genes, together with
their interactions (Fig. 2). This distribution of roles across tens of
genes suggests that many biological processes are involved beyond,
though certainly triggered by, the establishment of carpel iden-
tity. Gynoecium development is therefore a perfect illustration of
the current paradigm transition, from assigning genes to biolog-
ical processes, to understanding how an ensemble of genes plus
their interactions, that is a GRN, is the driving force behind organ
development.
The network presented in Fig. 3 illustrates how TF–DNA inter-
actions can serve as a starting point for the reconstruction of a
gynoecium GRN, which we hope will allow us in the future to
understand the molecular mechanisms that lead to the establish-
ment of gynoecium cell identities. It should be noted that gene
expression data, and not differential gene expression data, was
used to reconstruct this network. It is usual to ﬁnd in the liter-
ature the assumption that a “relevant” binding event is the one
that leads to differential expression of the corresponding target.
TF–DNA interactions, in particular those identiﬁed through ChIP
experiments, are likely to be a collection of events that occur for
a number of reasons [27,82]. Regulation of target gene expression
is certainly one of them, and the one we seem most interested in.
Yet experimental data also shows that TF binding to DNA can alter
chromatin structure [32,49,67], which is also relevant as to how
gene expression is regulated [83]. But perhaps more intriguing in
this context are the experiments of single molecule tracking of (ani-
mal) TFs, which show how TF molecules move across chromatin in
their search for their target genes [84,85]. These TF search events
10 R.A. Chávez Montes et al. / Current P
Fig. 5. High redundancy of TF function during gynoecium development. In all net-
works, nodes represent the transcription factors listed in [2]. (a) Most gynoecium TFs
participate in two or more processes. Colors indicate TFs that participate in the same
developmental process, and black and white nodes indicate TFs that participate in
two or three processes, respectively. Side by side comparisons show that processes
(carpel number establishment and determinacy) or tissue development (replum and
valve margins, or septum, style and transmitting tract) share a common set of TFs.
(b)  Protein–protein interactions network of gynoecium TFs. Protein-protein inter-
actions are those listed in the IntAct database. Most nodes remain unconnected,
strongly suggesting that information on interactions is missing, nodes have yet to
be  discovered, or both. Most TFs participate in two (gray) to six processes (black)
indicating that, beyond carpel identity establishment by AG and SEP3, there are
no  master regulators of gynoecium development. Although some genes are spe-
ciﬁc for transmitting tract (yellow) or polarity (adaxial–abaxial and apical-basal)
establishment (blue), no phenotypes can be observed in the corresponding single
mutants. This again indicates that the coordinated action among TFs, rather than the
expression of a particular one, gives rise to the different morphogenetic patterns we
observe.
[
[lant Biology 3-4 (2015) 3–12
could be related to the different afﬁnities for distinct binding sites
observed in PBMs data, and ChIP data likely captures TF molecules
along their search path, and not just at their destination (presum-
ably their target genes). The question as to how TF target search
strategies contribute to the regulation of gene expression is an open
one.
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